Mon. Not. R. Astron. Soc. OOP. [TlfTil C2010') 



Printed 3 June 2010 



(MN style file v2.2) 



A systematic study of low mass X-ray binaries in the M31 
globular cluster system 

Mark B. Peacock^*, Thomas J. Maccarone^, Arunav Kundu^, Stephen E. Zepf^ 

^School of Physics and Astronomy, University of Southampton, Southampton, S017 IBJ, UK 
^Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA 

Released 2010 Xxxxx XX 

ABSTRACT 

We investigate low mass X-ray binaries (LMXBs) in the M31 globular cluster 
(GC) system using data from the 2XMMi catalogue. These X-ray data are based 
on all publicly available XMM-Newton observations of the galaxy. This new survey 
provides the most complete and homogeneous X-ray survey of M31's GCs to date, 
covering > 80% of the confirmed old clusters in the galaxy. We associa te 41 X-ray 
source s with confirmed old clusters in the M31 cluster catalogue of Peacock et al.l 
(|2010l) . Comparing these data with previous surveys of M31, it is found that three of 
these clusters are newly identified, including a bright transient source in the cluster 
B128. Four additional clusters, that are not detected in these 2XMMi data, have 
previously been associated with X-ray sources from Chandra or ROSAT observations. 
Including these clusters, we identify 45 clusters in M31 which are associated with 
X-ray emission. By considering the latest optical GC catalogues, we identify that 
three of the previously proposed X-ray clusters are likely to be background galaxies 
and two have stellar profiles. We consider the properties of LMXB-hosting clusters 
and confirm significant trends between the presence of an LMXB and the metallicity, 
luminosity and stellar collision rate of a cluster. We consider the relationship between 
the luminosity and stellar collision rate of a cluster and note that LMXB hosting 
clusters have higher than average stellar collision rates for their mass. Our findings 
strongly suggest that the stellar collision rate is the dominant parameter related to the 
presence of LMXBs. This is consistent with the formation of LMXBs in GCs through 
dynamical interactions. 
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1 INTRODUCTION 

Globular clusters (GCs) are known to be a rich source of 
low mass X-ray binaries (LMXBs). In early studies of the 
Milky Way's X-ray population, it was realised that many 
more LMXBs were located in GCs than would be expected 
based on their masses alone. Of the ~150 bright LMXBs cur- 
rently known in the Milky Way, 14 res ide in 12 of its GCs 
l|Liu et aLlbOoH : iHeinke fc Budadl2009l '). Since the Galactic 
GCs are thought to contain less than 0.1% of the stars in 
the Galaxy, this suggests that the formation of LMXBs is 
more than two orders of magnitude more efficient in GCs 
than in the field of the Galaxy. It has long been proposed 
that this extra efficiency is due to dynamical formation of 
these binaries in the dense cluster cores (Katz 1975; Clark 
Il975h . The proposed mechanisms for dynamical formation 
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of LMXB systems include: a donor star capturing the neu- 
tron star through tidal capture (e.g. iFabian et aLlll975l ): ex- 
change interact ions between a neutron star and a primor dial 
binary system (|Hills fc Davll 19761 : iHut fc Verbundl 19831 ): or 
direct co llisions of a neutron s tar with the envelope of a gi- 
ant star l|Verbunt fc These interactions are more 
likely to occur in the cores of GCs, than in field star popu- 
lations, due to their high stellar densities. 

The properties of LMXB hosting clusters can be used 
to investigate the formation and evolution of these sys- 
tems. For example, if dynamical formation is the primary 
method of forming LMXBs in GCs, then it is expected that 
there should be a direct relationship between the stellar 
collision rate in a cluster and the presence of an LMXB. 
Previous work has shown that the LMXBs in the Milky 
Way's GCs are consistent w ith dynamical formation sce- 
narios l|Verbunt fc Hutiri987l ). However, studying such rela- 
tionships in the Galactic GC system is limited by the low 
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number of LMXBs in its GCs. In order to study more signif- 
icant sample sizes in tiie Milky Way's GCs, it is necessary 
to co mbine dif ferent types of compact object binary systems 
(e.g. iPoolev et al . 2003). 

In the era of Chandra and XMM-Newton it has be- 
come possible to study more significant samples of GC 
LMXB systems by looking at extragalactic sources. These 
observations of nearby galaxies confirm that their GCs also 
contain a large fraction of the galaxies' LMXBs. Unfortu- 
nately, investigating dynamical formation in extragalactic 
clusters is difficult due to the small angular sizes of typ- 
ical cluster cores. However, relationships between the col- 
lision ra te and presence of LMXBs h ave been suggested 
in M31 l|Peacock et all 120091'). Cen A ("Jordan et al 2007|) 
and possiblv in M87 (Ijordan et al.l 12004: Waters 2007). It 
is also found, both in the Milky Way and nearby galaxies, 
that LMXBs favour brighter (and heiice more massive) GCs 



fe.g.lKundu et al.ll2002l : ISarazin et "al]l2003l : iKim et al.ll2006l : 



iKundu et al. I l2007l r The likely reason for this is that higher 
mass clusters will generally have more stellar interactions 
and therefore form more LMXBs through dynamical inter- 
actions. However, it is also possible that LMXBs will favour 
high mass clusters because they may retain more of the neu- 
tron stars they produce. Neutron stars that are formed by 
core collapse may be formed with large kick velocities (e.g. 
iHobbs et al.]|2005h . In this case, the higher escape velocities 
of high mass clusters, may result in more neutron stars being 
retained by these clusters. However, it is also possible that 
neutron stars with l ower kick velocities can be formed vi a 
electron capture ( e.g. IPfahl et al.ll200 llvanova et al.|[2008l l . 
ISmits et al.l l|2006l ) demonstrated that the GC systems of six 
elliptical galaxies are consistent with the retention of neu- 
tron stars from a low kick velocity mode. 

Previous work on extragalactic LMXBs has also iden- 
tified that metal rich clusters are more likely to host 
LMXBs thari metal poor clusters (e.g. iBellazzini et al.ll 19951 : 
iKundu et al1l2002l . |2003| ) . Several explanations for this have 
been proposed. Metal rich stars are likely to be physically 
larger, which may result in more LMXBs forming through 
tidal interactions and direct collisions (Bellazzini et al.l 
[Hii). It was shown by (|Maccarone et al.i .2004 ) that this 
effect alone is unlikely to explain the observed factor 3 en- 
hancement of LMXBs in metal rich clusters. They propose 
that the irradiation induced winds in these binaries may ex- 
plain the observed differences. These winds are likely to be 
stronger in me tal poor systems due to decreased line cooling. 
Ilvanoval l|2006l ) suggested that the metallicity relationship is 
a natural consequence of the properties of solar mass donor 
stars. In this mass range, they show that low metallicity stars 
lack an outer convective zone. This is likely to reduce the 
rate of tidal captures and also make it harder for a binary 
to tighten (and hence form an LMXB system). 

Here, we investigate LMXBs in M31's GC system. In 
section [2l we consider the current optical and X-ray cata- 
logues of M31's clusters. Section[3]presents the X-ray proper- 
ties of M31's clusters, based on XMM-Newton observations 
of the galaxy, and compares these data with previous X- 
ray catalogues to investigate transient sources and potential 
contamination in these previous studies. Finally, in section 
m we investigate the properties of clusters which are found 
to host LMXBs. 



2 M31 GLOBULAR CLUSTERS 

The M31 GC system has been the focus of many stud- 
ies. Despite this work, it is likely that some contamina- 
tion and incompleteness currently exists in the M31 clus- 
ter catalogues. To identify clus t ers in M31 we use the re- 
cent catalogue o f iPeacock eral] l|2010l . hereafter PIO). This 
catalogue includes all clusters and candidates identified in 
most major studies of the M31 GC system (includin g those 
of: [B at tist ini et al. 1987; Barmbv et al. 2000; Gallct i et all 
l2004nkim et al.ll2007l : ICaldwell et al.ll2009l '). It provides up- 
dated locations and classifications for all of these clusters. 
The locations of th ese clusters are found t o be in good agree- 
ment with those of ICaldwell et all (|2009l ). but are more ac- 
curate than t hose used previously to match with X-ra y cat- 
alogues (e.g. iBarmbv et al.ll200ql : |Galleti et al.ll20o3 ). The 



work of PIO and Caldwell et al.l ( 20091 ) has also identified 
significant contamination in the previous catalogues from 
stellar sources, background galaxies and young clusters. 

M31 has been extensively surveyed by most re- 
cent X -ray observatories including: Ei nstein (e.g. 



iTrinchieri fc Fabbiand Il99ll ): ROSAT (e.g. ISupper etal] 

11997*, '2 OOID; XMM-Newto n (e^g. IShirev et all I2OOII : 

l2004h 
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Kaaredl2002l : I Williams et al.ll2004l ). Many of the resulting 



IShirev et al.l 
and Chandra (e 



X-ray source catalogues have attemp ted to identif y which 
sources are associated with GCs. ISupper et al] (|200ll ) 
associated 33 sources in their ROSAT survey with known 
GCs f r om the combined GC catalo gues of |Battistini et al.l 
(|l987h , iBattistini erall (|l993h an d iMagnieij (Il993h . Chcm- 



dra observations were used by iDi Stefano et al.l (|2002|) 



iKong et al.l (|2002| ). iKaaretl (|2002l ) and IWiUiams et all 
('2004') to identify 28, 25, 25 and 26 GC X-ray sources, 
respectively. Currently the m ost complete M31 GC X-ray 
catalo gue was produced by iTrudolvubov fc Priedhorskv! 
Hooi). They combined XMM-Newton observations along 
the disk of M31 with archived Chandra observations, to 
investigate 43 X-ray sources which they associated with 



GCs (from the GC catalogues of: Battistini et alj 19871 : 
iMagnieJlTggl : [Barmbv fc Huchrall200ll : lGalleti et al.ll2004l ). 

Most recently, Fan et akT i 20051 ) collated the results of these 



previous studies to identify 54 unique GCs associated with 
X-ray sources. 

In this study, we consider the X-ray proper- 
ties of M31's GCs using all publicly available XMM- 
Newton observations of th e gala xy. Since the study of 
ITrudolvubov fc Priedhorskv! (|2004h . the XMM-Newton cov- 
erage of M31 has increased significantly and now covers 
the entire D25 ellipse of the galaxy. These data provide 
more accurat e source locations than the ROSAT study of 
ISupper et al. I ((2001. ) and cover many more clusters than the 
previous X-ray studies of M31's GC s (|Di Stefano et al.ll2002l : 
ITrudolvubov fc Priedhors"kvll2004l ) . In this study we restrict 
our analysis to only those clusters classed as confirmed clus- 
ters in the recent catalogue of M31 GCs of PIO. The previous 
GC X-ray associations have generally considered all cluster 
candidates in the galaxy. While the presence of an X-ray 
source in a cluster does increase the probability of it being 
a genuine cluster, the inclusion of such sources is also likely 
to increase contamination. 



Low mass X-ray binaries in the M31 globular cluster system 3 



Table 1. XMM-Newton observations of M31 



Obs. dSrtG 




R.cv no. 


Obs ID 


rs./\ ^aeg; 






Gxp (s^ 


survey 


2000-06-25 


MSlCore 


100 


112570401 


10.65 


41.28 


26.6 


31.8 


n 


2000-12-28 


MSlCore 


193 


112570601 


10.71 


41.24 


9.8 


12.2 


n 


2001-01-11 


Gl 


200 


65770101 


8.23 


39.56 


5.0 


7.4 


y 


2001-06-29 


MSlCore 


285 


109270101 


10.65 


41.28 


30.8 


46.7 


n 


2002-01-05 


MSlNorthl 


380 


109270701 


11.03 


41.58 


54.8 


57.3 


y 


2002-01-06 


MSlCore 


381 


112570101 


10.71 


41.25 


61.1 


63.6 


y 


2002-01-12 


MSlSouthl 


384 


112570201 


10.39 


40.91 


56.1 


58.1 


y 


2002-01-24 


MSlSouth2 


390 


112570301 


10.06 


40.58 


38.1 


51.2 


n 


2002-01-26 


MSlNorth2 


391 


109270301 


11.37 


41.92 


27.3 


32.5 


11 


2002-06-29 


MSlNorthS 


468 


109270401 


11.63 


42.29 


52.7 


57.1 


y 


2003-02-06 


MSl-Halol 


579 


151581101 


8.44 


39.51 


8.0 


9.7 


n 


2003-02-06 


M31-Halo4 


579 


151580401 


11.57 


41.34 


11.3 


13.1 


n 


2003-07-01 


MSl-Halo2 


652 


151581201 


10.77 


39.82 


1.6 


3.1 


n 


2003-07-01 


MSl-Halo3 


652 


151581301 


11.47 


40.73 


1.9 


4.4 


n 


2004-01-02 


NGC205 


745 


204790401 


10.12 


41.67 


10.7 


12.9 


n 


2004-07-16 


RXJ0042. 6+4115 


843 


202230201 


10.63 


41.28 


18.3 


19.5 


n 


2004-07-19 


RXJ0042. 6+4115 


844 


202230501 


10.63 


41.28 


9.1 


13.1 


n 


2004-07-19 


RX.I0042. 6+4115 


844 


202230401 


10.63 


41.28 


14.3 


18.5 


n 


2005-08-01 


5C3.1 


10S4 


300910201 


10.44 


40.37 


8.7 


3.1 


11 


2006-06-28 


MSISS 


1200 


402560101 


9.69 


40.27 


8.6 


16.0 


y 


2006-07-01 


MSISNI 


1201 


402560301 


10.15 


41.32 


47.3 


54.8 


y 


2006-07-01 


MSISSI 


1201 


402560201 


10.84 


40.94 


16.4 


30.0 


y 


2006-07-03 


MSlnc2 


1202 


404060201 


11.3 


40.98 


21.1 


29.0 


n 


2006-07-08 


MS1SS2 


1205 


402560401 


10.54 


40.64 


25.3 


45.5 


y 


2006-07-08 


BoS75 


1205 


403530201 


11.41 


41.68 


0.0 


5.3 


n 


2006-07-10 


BoS75 


1206 


403530301 


11.41 


41.68 


0.0 


10.5 


n 


2006-07-12 


BoS75 


1207 


403530401 


11.41 


41.68 


0.0 


9.9 


n 


2006-07-14 


BoS75 


1208 


403530501 


11.41 


41.68 


0.0 


10.0 


n 


2006-07-16 


BoS75 


1209 


403530601 


11.41 


41.68 


0.0 


12.7 


n 


2006-07-20 


MS1SN2 


1211 


402560501 


9.89 


40.99 


52.9 


58.6 


y 


2006-07-23 


MS1SN3 


1212 


402560701 


9.73 


40.64 


25.1 


56.1 


y 


2006-07-28 


MSISSS 


1215 


402560601 


10.16 


40.36 


31.9 


37.8 


y 


2006-12-25 


MS1S2 


1290 


402560801 


10.05 


40.57 


48.9 


51.4 


y 


2006-12-26 


M31NN1 


1291 


402560901 


10.5 


41.59 


44.9 


51.9 


y 


2006-12-30 


MSINSI 


1293 


402561001 


11.19 


41.18 


51.9 


55.9 


y 


2007-01-01 


MS1NN2 


1294 


402561101 


10.82 


41.9 


47.8 


50.8 


y 


2007-01-01 


MS1NS2 


1294 


402561201 


11.46 


41.51 


40.6 


43.3 


y 


2007-01-03 


MS1NN3 


1295 


402561301 


11.22 


42.14 


36.1 


38.6 


y 


2007-01-03 


MS1NS3 


1295 


402561401 


11.69 


41.88 


45.2 


50.0 


y 


2007-01-05 


MS1N2 


1296 


402561501 


11.36 


41.92 


43.7 


46.2 


y 


2007-07-25 


CXOMS1J004059.2+41 


1S96 


410582001 


10.21 


41.27 


13.3 


17.2 


n 



All XMM-Newton observations of M31 which are included in the 2XMMi catalogue. The final column 
indicates virhcther the observation is considered part of our 'homogeneous' survey of M31's GCs. The 
coordinates indicate the approximate centre of each observation. 



3 THE X-RAY POPULATION OF M31'S 
GLOBULAR CLUSTERS 

3.1 XMM-Newton observations of M31 

Over the past decade, M31 has been the target of sev- 
eral XMM-Newton observations. The first 10 observations 
of M31 were obtained as part of the science verification of 
the telescope. These observations included five observations 
along the disk of the galaxy, four observations of the core of 
the galaxy and a shorter obse rvation of the halo GC Gl. 
These data are described by iTrudolvubov fc Priedhorskvl 
l|2004l ). who use it for their study of the galaxy's GCs. Since 
these initial observations, several other fields of the galaxy 
have been observed. These include: repeated observations 
of the bright X-ray sources RXJ20042. 6-1-4115 (a bright Z- 
source in M31) and B375 (the brightest GC X-ray source in 
the galaxy); an observation of the dwarf galaxy NGC 205; 
an observation on the minor axis of M31; and four obser- 
vations to cover the recently discovered extended halo GCs 
in the galaxy. In addition to these observations a survey 
was recently completed to cover the entire D25 ellipse of the 
galaxy. All of these observations are summarised in table [T] 
The initial observations along the disk of the galaxy, 
combined with these new observations covering the outer 



regions, provide a relatively homogeneous survey across the 
entire D25 ellipse of the galaxy. These observations, identi- 
fied by the flag survey=y in table [T] provide the basis for 
our primary survey. It should be noted that, some of the 
LMXBs in M3rs GCs are expected to be transient in na- 
ture. For this reason we also search for GC LMXBs in the 
other observations available. This allows us to identify as 
many LMXB hosting clusters as possible. However, it does 
bias the detection of transient LMXBs to regions which have 
been more frequently observed (such as the central region of 
the galaxy). We therefore flag in our final table whether the 
observed GC X-ray sources would have been identified in our 
primary dataset (which essentially gives a single epoch sur- 
vey across M31). It can be seen from table[l]that the expo- 
sure times for the different fields do vary slightly. The homo- 
geneous detection limit across this survey is 
corresponding to the relatively short observation of Gl. In 
total, the XMM-Newton observations considered here cover 
~82% of the confirmed old GCs from PIO. 

3.2 The 2XMMi catalogue 

To identify sources in these observations we use the 'in- 
cremental second XMM-Newton serendipitous source cata- 
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logue' (2XMMi: for details see e.g. lWatson et al.ll2009l ). This 
is a pipeline produced catalogue of sources which are iden- 
tified in over 4000 publically available XMM-Newton ob- 
servations 0. The catalogue includes the location, flux and 
reliability of sources detected in all of the M3f observations 
listed in table [T] 

3.3 M31 globular clusters in 2XMMi 

The confirmed old, young and candidate clusters from PfO 
were matched to the 2XMMi catalogue using a matching ra- 
dius of 2"-|-l"-|-crpos,2XMMi- This matching radius was chosen 
to cover the errors in the optical cluster locations (conser- 
vatively estimated to be <2", to account for systematic and 
centring errors for these extended sources) and systematic 
errors on the X-ray locations (<l"). This identified X-ray 
sources in 42 old clusters and 2 candidate clusters. No X- 
ray sources were identified in the young clusters listed in this 
catalogue. 

We investigated chance associations between the clus- 
ters and X-ray sources by shifting the cluster locations by 
±5". The four resulting cluster locations were matched to 
the X-ray sources using the same matching criteria. Only 
two associations were found from this, with a relatively large 
offset of > 3". We therefore do not believe that there is sig- 
nificant contamination from chance associations in the sam- 
ple. Table [2] lists all old and candidate clusters associated 
with X-ray sources in the 2XMMi catalogue. 

It can be seen from table [2] that most of the clusters 
are well matched to their proposed X-ray counterparts, with 
separations of <2". However, three of the clusters have rela- 
tively large offsets of >3". Comparison with published Chan- 
dra observations (discussed in the next section) confirms 
that two of these sources, B094 and B146, are associated 
with the clusters. Both the XMM and Chandra locations of 
the source associated with B094 are slightly offset from the 
centre of the cluster. This may potentially align with a faint 
optical source on the edge of this cluster. Since LMXBs are 
expected to reside in the cores of the clusters (where the 
density is highest), it is possible that this source could be a 
chance alignment with the cluster. However, given its prox- 
imity to the cluster, we keep this source in our analysis, but 
note that its association is relatively uncertain. It is found 
that the cluster B035 does not appear to be associated with 
the matched X-ray source. Another faint counterpart is iden- 
tified in K-band images that is in good agreement with the 
X-ray source location. We therefore believe that this may be 
a chance alignment with a non-cluster object and remove it 
from our analysis. 

For each GC X-ray source, table[2]includes hardness ra- 
tios for the source and its total luminosity (L^, 0.2 — 12keV). 
These data are taken from the 2XMMi 'slim' catalogue. This 
is a reduced version of the main catalogue and contains only 
unique sources. Many of these sources are expected to vary 
during the observations and some are located in more than 
one observation. For these sources, this catalogue quotes the 
mean locations and fiuxes. The hardness ratios (HR) of a 
source are defined as: 

^ The catalogue was downloaded on 18/11/2009 from 
http://xmmssc-www.star.le.ac.uk/Catalogue/2XMMi/ 



Here, Bi are the narrow energy bands: Bi =0.2-0.5 keV; 
B2=0.5-1.0 keV; B3=1.0-2.0 keV; B4=2.0-4.5 keV; B5=4.5- 
12 keV. Tabled] also includes the summary fiag (SUMFLG) 
from the 2XMMi catalogue. This gives an indication of the 
reliability of the d etection. The relevant fiags (taken from 
IWatson et al]|2009l) are: 

— good 

1 — source parameters may be affected 

2 — possibly spurious 

3 — located in a region where spurious detections may oc- 
cur 

It can be seen that many of the detections have non-zero 
warning flags. This is likely due to the crowded nature of 
M31, with m ost of the SUMFLG= 3 sources near the centre 
of the galaxy. IWatson et al.l ()2009( ) suggest that sources with 
fiags 0-2 should be genuine, although sources with fiags 1 or 
2 have some of the automated spurious detection fiags set. 
Class 3 sources are confirmed by 'manual' fiagging. However, 
they have all of the 2XMMi automated detection fiags set to 
spurious, and may be spurious detections. Of the 43 old clus- 
ters associated with X-ray sources, 13 have SUMFLG=3. We 
note, from comparison with previous observations, that 10 
of these 13 GCs have already been identified independently 
from Chandra observations. These sources are therefore un- 
likely to be spurious. The XMM Newton thumbnail images 
for all of the 2XMMi GC detection^ were also visually ex- 
amined to identify any artifacts (for example due to chip 
gaps). This examination suggested that the source in the 
cluster AUOlO was unlikely to be reliable and we remove it 
from our catalogue. 

3.4 Detections from previous catalogues 

In addition to the XMM-Newton observations used here, 
other X-ray observations of M31 have associated X-ray 
sources with its GCs. This previous work is summarised in 
section [2l Given the transient nature expected from some 
LMXBs, it is likely that they may only be detected at cer- 
tain epochs. For this reason, we consider which clusters in 
table [2] were previously detected and identify any additional 
clusters with proposed X-ray emission. 

All confirmed clusters were matched to sources 
identified from: ROSAT observations by ISupp er et al. 
(2001); Chandra obse r vations by [Pi Stcfa no et al. 
(200^, iKong et all l|2002D . iKaaretl (|2002l ). Iwilliams et al. 
(.20041) and XMM-Newton a nd C handra observations by 
iTrudolvubov fc Priedhorskvl l|2004l '). The M31 cluster cata- 
logue used in this study has more accurate locations, and 
some additional clusters, compared with those used in these 
previous studies. We therefore consider all X-ray sources 
in these previous catalogues. Table [3] lists all confirmed 
clusters which are associated with X-ray sources from the 
2XMMi catalogue or these previous studies. It can be seen 
that 38 of the clusters identified in the 2XMMi catalogue 
were identified previously by one of these studies, while 
three are newly identified. 



^ from http //www. ledas.ac.uk/data/2XMMi/ 



Table 2. Old and candidate clusters associated with X-ray sources in the 2XMMi catalogue 



GC NAME^ 




2XMMi Source ID 


RA 




DEC 




l2 


L x , e r T- 








HR.I 


SUMFLG^ 


APGS^ 


survey^ 








dcg 




dcg 


arcscc 


lO^^^'^crg/s 


lO^^crg/s 










arcsGC 


arcscc 




GOOl-MII 


1 


2XMM J003246. 5+393440 


8.194110 


39, 


.577931 


1.22 


17.8 


4.6 


0.36 


0.28 


-0.39 


-0.83 





0.61 


y 


B005-G052 


1 


2XMM J004020. 1+404358 


10.083819 


40, 


.732910 


0.71 


2528.7 


26.5 


0.57 


0.33 


-0.17 


-0.30 


3 


2.19 


y 


B024-G082 


1 


2XMM J004111. 7+414547 


10.299454 


41, 


.763552 


0.76 


12.2 


4.2 


0.40 


-0.00 


-0.52 


-0.16 


1 


0.53 


y 


B045-G108 


1 


2XMMi J004143. 1+413419 


10.429738 


41, 


,572200 


0.35 


2317.5 


20.0 


0.59 


0.32 


-0.14 


-0.41 


3 


0.38 


y 


B050-G113 


1 


2XMMi J004146. 3+413218 


10.442963 


41, 


.538495 


0.63 


31.4 


3.7 


0.71 


0.35 


-0.10 


-0.23 





0.33 


y 


B055-G116 


1 


2XMM J004150.3+411211 


10.459870 


41, 


.203495 


0.44 


26.0 


2.8 


0.83 


0.75 


0.03 


-0.14 


1 


0.36 


y 


B058-G119 


1 


2XMM J004152. 9+404708 


10.470541 


40, 


.786082 


0.79 


15.7 


4.0 


0.43 


-0.07 


-0.27 


0.29 


1 


0.82 


y 


MITA140 


1 


2XMM J004209. 4+411744 


10.539309 


41, 


.295845 


0.27 


82.3 


2.8 


0.87 


0.49 


-0.29 


-0.52 


1 


0.88 


y 


BO 78- G 140 


1 


2XMM J004212. 0+411757 


10.550226 


41, 


.299417 


0.27 


98.6 


3.0 


0.90 


0.64 


-0.19 


-0.41 


1 


1.57 


y 


B082-G144 


1 


2XMM J004215. 7+410114 


10.565752 


41, 


.020601 


0.21 


2828.8 


34.9 


0.78 


0.63 


-0.02 


-0.16 


1 


0.67 


y 


B086-G148 


1 


2XMM J004218. 6+411401 


10.577680 


41, 


.233678 


0.22 


672.0 


6.6 


0.48 


0.35 


-0.18 


-0.39 


1 


0.78 


y 


B094-G156 


1 


2XMM J004224. 9+405720 


10.603903 


40, 


.955641 


0.94 


21.4 


6.1 


0.37 


0.36 


-0.23 


-0.54 


1 


2.95 


y 


B096-G158 


1 


2XMM J004225. 9+411914 


10.608139 


41, 


.320638 


0.25 


106.2 


2.6 


0.80 


0.45 


-0.28 


-0.51 





1.36 


y 


B098 


1 


2XMM J004227. 3+405936 


10.613964 


40, 


.993580 


1.01 


16.3 


6.1 


0.47 


0.13 


-0.27 


O.IS 





0.95 


y 


B107-G169 


1 


2XMM J004231. 1+411938 


10.629791 


41, 


.327346 


0.24 


231.6 


3.6 


0.65 


0.37 


-0.25 


-0.46 





1.26 


y 


B110-G172 


1 


2XMM J004233. 0+410328 


10.637729 


41, 


.057884 


0.31 


57.3 


4.3 


0.48 


0.35 


-0.35 


-0.27 


2 


0.55 


y 


B117-G176 


1 


2XMMi J004234. 3+405710 


10.642969 


40, 


.952834 


1.48 


14.2 


10.3 


0.10 


0.84 


-0.19 


-0.25 





1.10 


y 


B116-G178 


1 


2XMMi J004234. 5+413251 


10.644032 


41, 


.547694 


0.39 


561.0 


19.8 


0.73 


0.66 


-0.02 


-0.37 





0.49 


y 


B123-G182 


1 


2XMM J004240. 6+411033 


10.669252 


41, 


.175928 


0.44 


14.0 


1.4 


0.70 


0.26 


-0.43 


-0.16 


2 


0.44 


y 


B124-NB10 


1 


2XMM J004241. 3+411524 


10.672199 


41, 


.256867 


0.42 


49.1 


3.4 


0.59 


0.06 


-0.21 


-0.59 


3 


1.40 


y 


B128-G187 


1 


2XMM J004247. 6+411113 


10.698577 


41, 


.187145 


0.55 


570.2 


12.6 


0.46 


0.23 


-0.23 


-0.36 


1 


1.66 


n 


BHIS 


1 


2XMM J004250. 8+411032 


10.711702 


41, 


.175787 


1.31 


6.0 


2.1 


0.62 


0.81 


-0.03 


-0.31 





1.21 


y 


B135-G192 


1 


2XMM J004251. 9+413108 


10.716459 


41, 


.519072 


0.25 


4775.9 


45.9 


0.69 


0.50 


-0.11 


-0.34 


3 


0.48 


y 


B143-G198 


1 


2XMM J004259. 5+411919 


10.748114 


41, 


.322081 


0.22 


395.2 


4.3 


0.46 


0.20 


-0.30 


-0.53 


1 


1.05 


y 


B144 


1 


2XMM J004259. 8+411606 


10.749205 


41, 


.268360 


0.22 


513.8 


5.2 


0.49 


0.23 


-0.19 


-0.36 


3 


0.63 


y 


B091D-D058 


1 


2XMM J004301. 4+413017 


10.755850 


41, 


.504758 


0.24 


860.8 


21.8 


0.48 


0.43 


0.09 


-0.11 


2 


0.40 


y 


B146 


1 


2XMM J004303. 0+411525 


10.762521 


41, 


.257129 


0.22 


421.3 


4.4 


0.48 


0.18 


-0.32 


-0.48 


3 


3.17 


y 


B147-G199 


1 


2XMM J004303. 2+412121 


10.763346 


41, 


.355999 


0.24 


161.7 


3.7 


0.43 


0.10 


-0.39 


-0.41 


1 


1.10 


y 


B148-G200 


1 


2XMM J004303. 7+411805 


10.765745 


41, 


.301462 


0.23 


303.2 


4.2 


0.44 


0.21 


-0.31 


-0.38 


3 


0.95 


y 


B150-G203 


1 


2XMM J004307. 3+412019 


10.780786 


41, 


.338813 


0.36 


28.5 


1.9 


0.49 


0.23 


-0.28 


-0.40 


1 


1.34 


y 


B153 


1 


2XMM J004310. 5+411451 


10.793951 


41, 


.247775 


0.22 


1176.8 


8.0 


0.47 


0.21 


-0.21 


-0.36 


3 


0.94 


y 


B158-G213 


1 


2XMM J004314. 3+410721 


10.809660 


41, 


.122499 


0.20 


1381.5 


14.7 


0.43 


0.42 


0.19 


-0.02 


3 


0.82 


y 


B159 


1 


2XMM J004314. 4+412513 


10.810355 


41, 


.420344 


0.68 


13.5 


2.7 


0.78 


0.70 


-0.36 


-0.17 





1.73 


y 


B161-G215 


1 


2XMM J004315. 4+411125 


10.814321 


41, 


.190373 


0.43 


16.2 


2.1 


0.47 


0.04 


-0.38 


-0.34 





0.48 


y 


B182-G233 


1 


2XMM J004336. 6+410813 


10.902912 


41, 


.136951 


0.71 


57.2 


8.6 


0.50 


0.46 


-0.18 


-0.07 





0.95 




B185-G235 


1 


2XMM J004337. 1+411443 


10.905050 


41, 


.245554 


0.19 


867.1 


9.5 


0.50 


0.27 


-0.19 


-0.25 


1 


0.90 


y 


B193-G244 


1 


2XMM J004345. 4+413656 


10.939501 


41, 


.615799 


0.45 


52.8 


3.6 


0.33 


0.14 


-0.16 


-0.52 





0.82 


y 


B204-G254 


1 


2XMM J004356. 3+412203 


10.985118 


41, 


.367648 


0.41 


62.5 


6.6 


0.37 


0.25 


-0.37 


-0.25 





0.64 


y 


B225-G280 


1 


2XMMi J004429. 5+412136 


11.123257 


41, 


.360027 


0.36 


1175.4 


22.6 


0.45 


0.24 


-0.26 


-0.31 


1 


0.44 


y 


B375-G307 


1 


2XMMi J004545. 4+413941 


11.439532 


41, 


.661614 


0.28 


7013.5 


40.2 


0.56 


0.35 


-0.18 


-0.46 


3 


0.94 


y 


B386-G322 


1 


2XMM J004626. 9+420153 


11.612469 


42, 


.031350 


0.19 


1573.8 


18.5 


0.54 


0.27 


-0.17 


-0.27 


3 


0.24 


y 


[B035 


1 


2XMMi J004132. 8+413830 


10.386671 


41.641724 


0.58 


14.2 


2.0 


0.47 


0.12 


-0.26 


-0.79 





3.36 


y] 


SK091C 


2 


2XMMi J004057. 1+402155 


10.238103 


40.365344 


1.54 


5.7 


2.2 


0.77 


-0.64 


0.83 


-0.28 





1.86 


y 


SK182C 


2 


2XMMi J004527. 2+413253 


11.363430 


41.548188 


0.35 


143.0 


7.2 


0.67 


0.41 


-0.22 


-0.36 


1 


1.23 


y 



Top: Old clusters associated with X-ray sources in the 2XMMi catalogue. Bottom: candidate clusters associated with X-ray sources in the 2XMMi catalogue. Middle: the 
B035, which may not be associ ated with this sourc e. Columns 3-11 are taken from the slim version of the 2XMMi catalogue. 

^Name and classification from l lPeacock et al.ll2010l) . 

■^X-ray Luminosity (0.2-12keV), assuming all sources to be at 780kpc llMcConnachie et al.ll2005h . 

^X-ray hardness ratios, HRi = (Bi+i-B,)/(Bi+i-|-Bi). Where B; are the narrow energy bands: Bi=0.2-0.5keV; B2=0. 5-1.0keV; B3=1.0-2.0keV; B4=2.0-4.5keV; B5=4.5-12keV 
^The quality flag assigned to the source by the 2XMMi pipeline (as described in section [3.31 see iWatsoii et all l|2009l) for details). 
^Offset between the optical and X-ray source locations. 

^Indicates whether the source was detected in our 'primary survey' observations. 



Table 3. Old clusters with proposed X-ray emission 



GC NAME 


f 


RA 




DEC 


2XMMi 




mixed 


ROSAT 










Chandra 








M. Pe. 












(this study) 


APOS 


T04/F05-'- 


SOl^ 


APOS 


D02^ 


APOS 


Ko02'^ 


APOS 


Ka02^ 


APOS 


W04^ 


APOS 












(0.2-12 kcV) 


3,rcscc 




(0.1-2.0 kcV) 


tircscc 


(0.3-7 kcV) 




(0.3-7 keV) 


arcscc 


(0.1-10 kcV) 


3,rcscc 


(0.3-7 kcV) 


3,rcscc 


GOOl-MII 


1 


8.19389 


39, 


,57791 


17.8 


0.61 


6 


_ 


_ 


_ 


_ 


_ 


- 


- 


_ 


_ 


_ 


55 

n 


B005-G052 


1 


10.08462 


40, 


,73287 


2528.7 


2.19 


1990 


1127.3 


1.82 


_ 


_ 


_ 


- 


- 


_ 


1469.0 


0.28 


ock 


B024-G082 


1 


10.29938 


41 


,76369 


12.2 


0.53 




_ 


_ 


_ 


_ 


_ 


- 


- 


_ 


_ 


_ 


B045-G108 


1 


10.42961 


41 


.57224 


2317.5 


0.38 


450 


1173.0 


2.20 








- 


- 


_ 


_ 






B050-G113 


1 


10.44285 


41 


.63846 


31.4 


0.33 














- 


- 










B055-G116 


1 


10.45994 


41 


,20341 


26.0 


0.36 


2.4-2.9 


_ 


_ 








- 


- 


_ 


_ 


_ 


55 


B058-G119 


1 


10.47083 


40, 


,78602 


15.7 


0.82 


1-24 


_ 


_ 


13.0 


1.17 


_ 


- 


- 


_ 


_ 


_ 




MITA140 


1 


10.53956 


41 


.29600 


82.3 


0.88 


40-114 


_ 


_ 


117.0 


1.92 


83.0 


0.52 


55.0 


1.33 


62.0 


0.50 




B078-G140 


1 


10.55068 


41 


,29969 


98.6 


1.57 


24-300 


_ 


_ 


26.0 


2.63 


101.0 


0.68 


25.0 


0.54 


108.0 


0.27 




B082-G144 


1 


10.56597 


41 


,02069 


2828.8 


0.67 


1735-2330 


777.6 


3.04 


1197.0 


0.61 


_ 


- 


838.0 


1.48 


747.0 


0.37 




B086-G148 


1 


10.57773 


41 


,23389 


672.0 


0.78 


498-763 


409.3 


7.87 


469.0 


2.66 


456.0 


0.59 


247.0 


0.12 


430.0 


0.42 




B094-G156 


1 


10.60434 


40, 


,95489 


21.4 


2.95 


19 


26.0 


5.44 


17.0 


1.47 


_ 


- 


- 


_ 


_ 


_ 




B096-G158 


1 


10.60863 


41 


,32072 


106.2 


1.36 


28-174 


_ 


_ 


74.0 


1.00 


93.0 


0.91 


45.0 


0.42 


114.0 


0.85 




B098 


1 


10.61408 


40, 


,99333 


16.3 


0.95 


1-12 


_ 


_ 


8.0 


0.24 


_ 


- 


- 


_ 


_ 


_ 




B107-G169 


1 


10.63022 


41 


,32748 


231.6 


1.26 


56-290 


268.9 


4.96 


44.0 


1.10 


114.0 


0.35 


115.0 


0.05 


115.0 


0.32 




B110-G172 


1 


10.63793 


41 


,05787 


57.3 


0.55 


41-52 


109.0 


2.04 


_ 


_ 


_ 


- 


- 


_ 


_ 






B117-G176 


1 


10.64321 


40, 


,95259 


14.2 


1.10 


14 


_ 


_ 


_ 


_ 


_ 


- 


- 


_ 


_ 


_ 




B116-G178 


1 


10.64390 


41 


,54760 


561.0 


0.49 


234 


137.6 


2.24 


_ 


_ 


_ 


- 


- 


_ 


234.0 


3.67 




B123-G182 


1 


10.66941 


41 


,17595 


14.0 


0.44 


16-27 


_ 


_ 


28.0 


2.51 


14.0 


1.16 


11.0 


1.11 


20.0 


0.62 




B124-NB10 


1 


10.67261 


41 


,25663 


49.1 


1.40 


34-137 


_ 


_ 


11.0 


1.89 


25.0 


0.11 


39.0 


0.15 


35.0 


0.54 




B128-G187 


1 


10.69919 


41 


,18718 


570.2 


1.66 




_ 


_ 


_ 


_ 


_ 


- 


- 


_ 


_ 


_ 




BH18 


1 


10.71132 


41 


,17596 


6.0 


1.21 


3 


_ 


_ 


5.0 


1.47 


5.0 


0.20 


- 


_ 


_ 


_ 




B135-G192 


1 


10.71653 


41 


,51895 


4775.8 


0.48 


3093-4009 


1519.2 


1.51 


_ 


_ 


_ 


- 


1679.0 


0.78 


2125.0 


0.52 




B143-G198 


1 


10.74850 


41 


,32206 


395.2 


1.05 


152-555 


298.4 


6.20 


279.0 


1.49 


315.0 


0.45 


259.0 


0.11 


364.0 


0.29 




B144 


1 


10.74942 


41 


,26829 


513.8 


0.63 


216-512 


_ 


_ 


268.0 


1.97 


255.0 


0.28 


266.0 


0.14 


285.0 


0.07 




B091D-D058 


1 


10.75598 


41 


,50481 


860.8 


0.40 


553-692 


166.4 


4.71 


_ 


_ 


_ 


- 


225.0 


2.32 


_ 


_ 




B146 


1 


10.76212 


41 


,25630 


421.3 


3.17 


74-414 


731.7 


1.80 


218.0 


1.68 


269.0 


0.53 


237.0 


0.15 


302.0 


0.33 




B147-G199 


1 


10.76375 


41 


,35604 


161.7 


1.10 


52-194 


165.4 


5.64 


109.0 


1.35 


119.0 


0.69 


78.0 


0.23 


153.0 


0.52 




B148-G200 


1 


10.76607 


41 


,30136 


303.2 


0.95 


105-418 


504.8 


6.50 


183.0 


1.10 


221.0 


0.50 


209.0 


0.46 


233.0 


0.40 




B150-G203 


1 


10.78128 


41 


,33883 


28.5 


1.34 


16-72 


_ 


_ 


27.0 


0.79 


37.0 


0.57 


47.0 


1.30 


37.0 


0.14 




B153 


1 


10.79421 


41 


,24760 


1176.8 


0.94 


373-1248 


701.8 


4.48 


843.0 


1.37 


832.0 


0.85 


506.0 


0.22 


943.0 


0.34 




B158-G213 


1 


10.80996 


41 


,12253 


1381.5 


0.82 


600-1880 


251.6 


5.54 


91.0 


4.89 


197.0 


4.39 


366.0 


0.31 


483.0 


0.73 




B159 


1 


10.81099 


41 


,42040 


13.5 


1.73 


2 


24.5 


6.84 


_ 


_ 


12.0 


0.63 


- 


_ 


_ 


_ 




B161-G215 


1 


10.81421 


41 


,19027 


16.2 


0.48 


16-22 


_ 


_ 


6.0 


0.98 


14.0 


1.00 


- 


_ 


_ 






B182-G233 


1 


10.90280 


41 


,13670 


57.2 


0.95 


46 


_ 


_ 


_ 


_ 


_ 






_ 


_ 


_ 




B185-G235 


1 


10.90534 


41 


,24543 


867.1 


0.90 


454-1981 


418.1 


6.74 


183.0 


1.56 


425.0 


0.49 


364.0 


1.95 


350.0 


0.29 




B193-G244 


1 


10.93962 


41 


,61601 


52.8 


0.82 


44 


153.8 


4.89 


- 


- 


- 






- 


42.0 


1.50 




B204-G254 


1 


10.98510 


41 


,36747 


62.5 


0.64 


37 


105.3 


2.52 




















B225-G280 


1 


11.12316 


41 


.35993 


1175.4 


0.44 


1130 


650.3 


1.80 




















B375-G307 


1 


11.43983 


41 


,66175 


7013.5 


0.94 


5148-10372 


2936.4 


5.59 


2994.0 


1.81 










4967.0 


0.89 




B386-G322 


1 


11.61255 


42 


,03132 


1573.8 


0.24 


1496 


822.2 


3.89 




















B293-G011 


1 


9.08691 


40, 


,89363 






5.1 


13.3 


9.54 




















B163-G217 


1 


10.82346 


41 


,46252 






1-1010 


377.9 


4.96 




















B164-V253 


1 


10.82553 


41 


,20813 






13 


33.4 


10.54 




















B213-G264 


1 


11.01463 


41 


51075 






201 

























All old clusters from PIO with proposed X-ray associations from this, or previous, surveys. The object positions are the optical loc ations from PIO. Whe re available, we list the 
assoc iate d X-ray luminosity (x l O^^ergs/s) and offset f rom the cluster locat ion for sources in : the 2 XMMi catalogue (this study); ^ jTrudolvubov fc Priedhorskv,,20()3 )/ l|Fan et al.l 
[200I); 2 llSupper et al.ll200lh : ^ llDi Stefano et al.ll2002l) : ^ llKong et al.ll2002l) : ^ ||Kaaredl20d3') and ^ jWilliams et al.ll2004) . 



Table 4. Candidate clusters and potentially misclassificd clusters with proposed X-ray emission 



GC NAME 


i 


RA 




DEC 


2XMMi 




mixed 


ROSAT 










Cliandra 


















{this study) 


APOS 


T04/F05^ 


SOl^ 


APOS 


D02^ 


APOS 


Ko02* 


APOS 


Ka02^ 


APOS 


W04'' 


APOS 












(0.2-12koV) 


arcscc 


(mixed) 


(0.1-2.0keV) 


arcsec 


(0.3-71ieV) 


arcsec 


(0.3-7keV) 


arcsec 


(0.1-lOkeV) 


arcscc 


(0.3-7kcV) 


arcscc 


SK091C 


2 


10.23810 


40, 


.36534 


5.7 


1.86 
























SK182C 


2 


11.36383 


41 


.54835 


143.0 


1.23 


15 


39.5 


12.91 


















NB63 


2 
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Candidate clusters and (previously misclassified) non-clusters with proposed X-ray associations. The object positions are the optical locations from PIO. The object classification flag 
(f) is taken from PIO. Flags are: 0, no classification from PIO; 1, old cluster; 2, unconfirmed candidate; 4, background galaxies; 5, HII r egion; 6, stellar object. Where avai la ble, we list 
the a ssoc iated X-ray lumino sity (x lO^^ergs/s) and offse t fr om the cluster loc atio n for sources in: the 2 XMMi catalogue (thi s study) ; ^ llTrudolvubov fc Priedhorskvll2004l ) / llFan et al.l 
[200I); 2 jSupper et al.ll200ll): ^ jpi Stefano et al.ll2002h : " jKong et al.ll2002l) : ^ jKaaretlbOol) and ^ jWilliams et al.ll2004). 

*Clusters from the study of lMagnieTIl99^ 'l are not listed in PIO (f=0), their names and locations are taken from lSupper et"ai] l|200lf) or iTrudolyubov fc Priedhorskvl l|2004l') . 
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We identify four GC X-ray sources in the previous 
work which are not identified in the 2XMMi catalogue. The 
cluster B163 was previously detected by ROSAT and by 
one of the Chandra observations of it. This cluster is dis- 
cussed by ITrudolvubov fc Priedhorskvl l|2004 ). where they 
demonstrate its transient nature. The cluster B213 was de- 
tected i n a deep ROSAT H RI observation of the centre of 
M31 bv lPrimini et all (1995). The two other clusters, B164 
and B293, were ide ntified in the ROSAT PSPC survey of 
ISupper et al .1(1200 ll ). These sources have relatively large off- 
sets from the cluster locations of 10.5 and 9.5", respec- 
tively. One of these sources is outside the region covered 
by the XMM observations. The other three have no 2XMMi 
counterparts within the X-ray positional error. Since these 
sources have no 2XMMi associations, they are likely to be 
transient in nature. These clusters are included in our cat- 
alogue of X-ray clusters. However, it should be noted that 
the larger size of the ROSAT positional error increases the 
probability of a chance association. 



3.5 Candidate clusters and other sources 

As discussed in section [2] there has been significant 
work in classifying and studying the properties of M31's 
clusters since the previous X-ra y cluster catalogue of 
ITrudolvubov fc Priedhorskvl (|2004l ). In this section, we con- 
sider the current classifications of previously proposed clus- 
ters. Table [4] lists all X-ray sources associated with uncon- 
firmed candidate clusters and previously proposed X-ray 
clusters which have subsequently been reclassified. 

Of the 3 3 ROS AT sources associated with clusters by 
ISupper et al] (120011 ) . 26 are associated with confirmed old 
clusters from PIO. Two of the sources are now known to 
be background galaxies (B007 and B042D) and one is an 
unconfirmed candidat e cluster . The other four clusters are 
from the catalogue of lMagnieJ (|l993h and do not have new 
classifications from PIO. We believe that these clusters are 
not confirmed through spectroscopy or high resolution imag- 
ing. We therefore consider them as candidate (rather than 
confirmed) clusters^ 

The study of ITrudolvubov fc Priedhorskvl (|2004l ) iden- 
tified 43 X-ray clusters in M31, 37 of which are confirmed 
as old clusters by PIO. Two of the clu s ters f rom PIO (B138 
and SKIOOC) and two from iMagnieil (| 1993 1) (MIT165/166 
and MIT133) are currently unconfirmed candidate clusters. 
The other two proposed GC X-ray sources in this catalogue 
are now thought to be background galaxies (B042D and 
B044D). We also note that these two galaxies, and an addi- 
tional unconfirmed cluster (BH16), are included in the cat - 
alogue of M31 GC X-ray sources of lDi Stefano et all (|2002ll . 
In addition to th e GC X-ray sour ces in these catalogues, the 
collated work of iFan et al.l (|2005l ) identifies three other GC 
X-ray sources which are not listed as clusters in the cata- 
logue of PIO. One of these, B063D, has been reclassified as 
stellar. This source is detected in these 2XMMi data and is 
associated with the object. This object may potentially be 
an unresolved background galax;y or possibly a foreground 
flare star. Another source (SK059A) ha s been reclassified 
as an HII region bv lCaldwell et all (|2009l ). This source rep- 
resents an interesting object for follow up investigation to 
deter mine its true natu re. Finally, the source "WSB85/S3- 
14" in lFan et ahl (|2005l ') is detected in these XMM data, but 
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Figure 1. The transient X-ray source in B128. 



has no counterparts in PIO. Examination of SDSS images 
of this cluster location shows no optical counterpart within 
the X-ray error circle. These images are deep enough to de- 
tect the entire GC luminosity function at the distance of 
M31. We therefore believe that this source is unlikely to be 
associated with a cluster and exclude it from table U 



3.6 LMXB population 

We associate X-ray sources with ~11% of the old clusters 
in M31. In addition to these clusters, it is very likely that 
some clusters which host transient LMXBs were not de- 
tected in these observations. When considering M31's total 
cluster system, it should also be noted that there is likely to 
be significant incompleteness in the current optical cluster 
catalogues; especially at the faint end of the GC luminos- 
ity function. Given this incompleteness, the total fraction 
of clusters hosting LMXBs in M31 appears to be consistent 
with that of the Milky Way (~8%). 

Only one of the cluster X-ray sources detected in these 
XMM observations would not have been detected in our 'pri- 
mary survey' observations (which essentially represents a 
single epoch of observations across the galaxy). This cluster 
(B128) was observed, but not detected, in three previous 
XMM-Newton observations of the 'core' of the galaxy. Fig- 
ure[T]shows the observations of this cluster. The upper limits 
in this plot are taken from the FLIX0 web tool and demon- 
strate that the source has increased in luminosity by over 
two orders of magnitude. As discussed above, four additional 
X-ray sources, that were previously identified in ROSAT or 
Chandra observations, were not detected in these XMM data 
and may also be transient sources. This demonstrates the 
benefit of re-observing clusters to identify LMXBs in out- 
burst. In particular, elusive G C black hole LMX Bs are likely 
to be transient in nature (e.g. iKing et al.lll996l ). 

To consider the spatial distribution of LMXB hosting 
clusters, we consider only those clusters covered by the ob- 
servations selected as our primary survey. Of the 341 con- 
firmed old clusters covered by these observations, 40 are as- 
sociated with X-ray sources from our primary survey. It is 
found that the fraction of LMXB hosting clusters increases 
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Figure 3. (left) X-ray luminousity function of all clusters detected in this 2XMM survey (solid, red line), clusters with the iigcp < 3 kpc 
(dashed, green line) and clusters with iJgcp > 3 kpc (dotted, blue line). In the outer clusters, the XLF appears to flatten at intermediate 
X-ray luminousities. (middle) Histogram of X-ray luminousity of these clusters. This demonstrates the defeit of sources in the range 
10^'' < Ijx < 10^* in the outer clusters (solid blue), (right) X-ray luminousity as a function of metallicity (for the 31 LMXB hosting 
clusters with spectroscopic metallicities available). 
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Figure 2. X-ray flux as a function of the clusters luminosity (left) 
and stellar collision rate (right). 



sliglitly towards the centre of the galaxy. However, it is also 
found tliat both the stellar collision rate and the metallicity 
of the clusters increases towards the centre of the galaxy. 
As shown in the next section, both of these parameters are 
expected to increase the formation of LMXBs. Selection ef- 
fects in the most central region of the galaxy also bias the 
optical cluster catalogues against the detection of faint clus- 
ters (which are less likely to host LMXBs). As a result, this 
incompleteness may also produce such a relationship. For 
these reasons we believe these data do not provide evidence 
of a direct relationship between galactocentric radius and 
the production of LMXBs. 

It can be seen from table [2] that, compared with the 
Milky Way, a relatively large number of these LMXBs are 
very luminous, with ~ 15% having L^, > lO'^^erg/s. Given 
that there are only 12 LMXB hosting GCs in the Milky 
Way, it is likely that the relative lack of systems this bright 
in the Milky Way may be related to the smaller sam- 
ple size, rather than a difference bet ween the two popu- 
lations (as pr oposed previously by e.g. ISupper et al.lll997l : 
IVerbunt fc Lew in 2006). It should also be noted that the 
LMXB in the Galactic GC M15 (AC 211) is an eclipsing (or 
near-eclipsing) source and doe s have an estimated intrinsic 
luminousity of L^ > 10^* erg/s l|Navlor et al.ll 19881 '). We also 
note that LMXBs this bright are observed in the field of the 



Milky Way and in other extragalactic GCs (e.g. iLiu et all 
l200ltlKundu et ahllioo^ ). 

In principle, multiple unresolved LMXBs in M31's GCs 
could explain the high X-ray luminosities of some of these 
clusters. It is likely that some of these clusters will host 
more than one LMXB. For example, two of the 12 LMXB 
hosting clusters in the Milky W ay are currently known 
to host two LMXBs i n outburst (jWhite fc Angelinil [2OO1I : 
iHeinke fc Budaj |2009| ). However, variability observed in 
some of M31's LMXBs, suggests that one object is domi- 
nating the integrated luminosity. It can also be seen, from 
figure [2] that we find no evidence of the X-ray luminosity 
increasing as a function of the stellar collision rate or the 
mass of a cluster. Such a relationship might be expected if 
the number of LMXBs in a cluster is ^ 1. This is because the 
formation of LMXBs is known to be more efficient in these 
clusters (as discussed below). This suggests that, for these 
data, the variability in the luminosity of individual LMXBs 
appears to dominate over the effects of multiple LMXBs. 

Figure [5] suggests a potential bimodality in the X-ray 
luminousity function (XLF) of M31's GCs, with none of the 
clusters having X-ray fluxes (Fa,) in the range 10"^'^ < F^, < 
10~^^ (compared with seven in the range IQ-'"' < F, < 
10"" and nine in the range 10~" < F^ < 10""). If we 
assume a linear XLF for these clusters, then there is a low 
probability of 0.1% that none of the 17 clusters lie in this 
range. However, figure [2] includes only those c lusters with 
stellar collision rates from lPeacock et al.l l|2009l ). As such, it 
represents a subset of all the clusters in M31 which excludes 
clusters projected against the central (and outer halo) re- 
gions of M31. In the left and middle panels of figure [31 we 
plot the XLF for all clusters detected in this 2XMM sur- 
vey (solid red line). We also split this sample into those 
clusters with projected galactocentric radius, i?gcp < 3kpc 
(green, dashed line) and those with R^cp > 3kpc (blue dot- 
ted line/solid blue). It can be seen that this deficeit of clus- 
ters is identified in clusters projected against the outer, but 
not the inner, regions of the galaxy. To test whether there is a 
significant difference in the XLF of the inner and outer clus- 
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ters, we run a Kolmogorov-Smirnov (K-S) test between the 
two populations. The probabihty that the inner and outer 
samples are drawn from different populations is 90%. We 
note that the cut chosen between the inner and outer clus- 
ters is relatively arbetary, however similar probabilities are 
obtained using _Rgcp=2,4 kpc. These data therefore suggest 
a potential difference in the XLF at low and high i?gcp, but 
with a low significance. 

If genuine, the relationship between -Rgcp and the XLF 
may be suggestive of a metallicity effect on the formation of 
LMXBs in a cluster. This is because the metal rich clusters 
in M31 are known to be more centrally conc entrated than 
the metal poor clust ers (see e.g. figure 11 of iPerrett et al.l 
l2002l ).ll vanoval l|2006l ) have previously proposed that the for- 
mation of LMXBs with main sequence donor stars (through 
tidal captures in close encounters) is unlikely to occur in 
metal poor clusters. If this is the case, then it is likely 
that the LMXBs observed in metal poor clusters have pri- 
marily evolved donor stars. Such sources are likely to be 
Z-sources with high hx ~ 10^*erg/s (if the donors are gi- 
ants/subgiants) or ultracompact sources which will have 
a relatively st eep luminousity functio n (if the donors are 
white dwarfs; iBildsten fc Delovd 1200^ ). In contrast, metal 
rich clusters would be expected to host a mixture of these 
LMXBs and LMXBs with main sequence donor stars. Hence 
LMXBs in the metal rich clusters may have a more uniform 
distribution of La;. 

In the right panel of figure [3] we investigate the effect 
of a clusters metallicity on the X-ray luminousity. No signif- 
icant difference is observed between the X-ray luminousity 
of the metal rich (with [Fe/II]>-0.7) and metal poor clus- 
ters. However, spectroscopic metallicities are not available 
for all of the clusters hosting LMXBs. All of the clusters 
with 7?gcp > 3 have metallicity estimates, but only 14 of 
the 24 clusters in the inner region of M31 have metallici- 
ties. Given their small galactocentric radius, many of these 
clusters with unknown metallicity may be metal rich. It is 
therefore possible that the observed galactocentric radius ef- 
fect on the XLF may be suggestive of a metallicity effect, 
although these data show no direct evidence of this. More 
conclusive evidence of a metallicity effect, on the X-ray lu- 
minousity of LMXBs, may become available from very deep 
X-ray observations of galaxies with a larger number of metal 
rich clusters. 



4 LMXB-GC RELATIONSHIPS 

The properties of LMXB hosting clusters provide a useful 
insight into the effect of these properties on the formation 
and evolution of LMXBs. Figure [4] shows the spectroscopic 
metallicities for all clusters with data available from the col- 
lation of Fan ct al. ( 2 00^ ( from the stud i es of: llluchra et "al] 
Il99ll : iBarmbv et aT.ll200ol : IPerrett et al.ll2002l ). These data 
cover ~ 50% of the confirmed old clusters. The currently 
available spectroscopy for M31's clusters is biased towards 
the more massive (brighter) clusters. However, LMXBs are 
known to reside primarily in more massive clusters (as dis- 
cussed below), so this work provides metallicities for 72% 
of the LMXB hosting cluster s. We also cons i der th e (i-K) 
colour of these clusters from IPeacock et aD ll2010ll These 
colours are dereddened using the values of IPan et al.l (|2008l ) 




Figure 4. Top: The dereddened colour and metallicity for all 
clusters (open, red) and LMXB hosting clusters (solid, black). 
Bottom: the scaled cumulative frequency of the two populations. 
The cluster colours are taken from the catalogue of PIO, while 
their spec t roscop ic metallicities taken from the collated table of 
iFan et al.l l|2008h . It can be seen that the LMXBs tend to favour 
redder, higher metallicity, clusters. 



and provide an alternative estimation of the metallicity of 
the clusters. It can be seen from figure |4] that LMXBs 
favour redder, metal rich, clusters. A K-S test between the 
colour of all clusters and the LMXB hosting clusters sug- 
gests that there is a 98% likelihood that these clusters 
are drawn from different populations. For the spectroscopic 
metallicities this probability is 91%. The statistical signifi- 
cance of this relationship is relativel y weak, but is similar to 
that found in t he previou s studies of B ellazzini et al] (|l995l ) 
and iTru dolvubov fc Priedhorskv (20041). A more significant 
metallicity ef fect has been previously observed in many other 
galaxies fe.g. lKundu et al.i2002l : [Kim et al.ll2006l ). There are 
several reasons why this relationship may be less obvious in 
M31. Firstly, there are relatively few metal rich clusters in 
M31 compared with many early type galaxies. It should also 
be noted that the spectroscopic metallicities of M31's clus- 
ters have relatively large errors (with a mean error of ~0.25). 
The effect of this would be to weaken any genuine relation- 
ships between the clusters. In principle the colours of the 
clusters may give a more accurate measure of metallicity. 
However, the colours of M31's clusters are complicated due 
to variable extinction across the galaxy. 

It has also been proposed that decreasing metallicity 
may lead t o hardening of the soft X-ray emission from 
GC L MXBs (|lrwin fc Bregmanlll999l : lMaccarone et al ]|2003l . 
l2004h . To investigate this, we perform a Spearman Rank 
test between the four X-ray hardness ratios (listed in ta- 
ble [2ll and the metallicity of a cluster. No strong corre- 
lations are observed. The only marginally significant cor- 
relation is between HR2 and the metallicity, which has a 
probability of correlation of 92%. To investigate any poten- 
tial relationships further, we split these data into metal rich 
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Figure 5. The hardness of a source as a function of its flux. The clusters are split into metal rich clusters (with [Fe/H] <-0.7, red 
crosses) and metal poor clusters (blue points). It can be seen that the metal rich clusters do appear to be softer, particularly in the HR2. 
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Figure 6. Top: The stellar collision rate and luminosity for all 
clusters (open, red) and LMXB hosting clusters (solid, black). 
Bottom: the scaled cumulative frequency of the two populations. 
The GC data are taken from the catalogue of PIG. It can be 
seen that the LMXBs tend to favour brighter clusters with higher 
stellar collision rates. 



{[Fe/H] > —0.7) and metal poor clusters. The choice of 
this split is based on the b imodal peaks in the metallicity 
identified by IPerrett et al.1 ([ioOZ). The fluxes of the X-ray 
sources, as functions of hardness ratio for the rich and poor 
clusters, are shown in figure [S] The most signiflcant trend 
is identified between the metal rich and poor clusters was 
in the HR2 (0.5-lkeV and l-2keV). This relationship has a 
confidence of 99%, but is based primarily on only five metal 
rich clusters. While significant, the observed relationship is 
weaker than the relatively strong relatio nship observed in 
ROSA T observations of these clusters bv llrwin fc BregmanI 
(|l999l ). It is possible that this previous relationship may be 
enhanced due to the difficulty in modelling the background 
soft excess emission from to M31 in these ROSAT data. This 
could potentially have a greater effect on the more centrally 
concentrated metal rich clusters. 



4.1 Stellar collision rate and cluster mass 

In previous work, iPeacock et al] (|2009D demonstrated a re- 
lationship between the mass and the stellar collision rate of 
M31's clusters and the presence of LMXBs. Since this work, 
significant contamination from non-cluster sources has been 
removed from the M31 globular cluster catalogues. In this 
study, we have also presented more homogeneous and com- 
plete X-ray data than was previously available. For these 
reasons we reconsider this relationship, based on these new 
data. 
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Figure 7. Stellar collision rate vs magnitude for all GCs (crosses) 
and LMXB hosting clusters (solid diamonds). This shows a clear 
relationship between the two parameters. This is in good agree- 
ment with the predicted relationship F oc M^^^ (dashed line). 
The LMXB hosting clusters are found to have higher than aver- 
age collision rates for their magnitude. 
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Figure 8. Residual from the F-magnitude relationship (identified 
in figure (tJ as a function of metallicity. This figure includes only 
those clusters with metallicity estimates. Symbols are as in figure 
[7] It can be seen that the LMXB hosting clusters are offset to 
higher than average F for their mass. As demonstrated by this 
figure, this offset is unlikely to be due to any metallicity effects. 



Stellar collision rates are availab le for the 213 o l d clus - 
ters covered by the K-band survey of iPeacock et al.l (|2009h . 
Figure [6] shows the stellar collision rate and K-band lumi- 
nosity of these clusters. It can be seen that the LMXBs are 
found to favour both brighter (and hence more massive) clus- 
ters and those with higher stellar collision rates. A K-S test 
demonstrates that these relationships are highly significant 
with probabilities that they are drawn from the same pop- 
ulation of 5 X 10~* and 4 x 10~^ for luminosity and stellar 
collision rate, respectively. While still highly significant, the 
luminosity relationsh ip is slightly weaker than that found by 
IPeacock et aD (|2009l ). This is likely due to the identification 
of several new X-ray sources in fainter than average clusters. 
In this study, we have also removed young clusters from our 
data. This will also weaken the luminosity relationship be- 
cause all of these young clusters are relatively faint and not 
associated with any X-ray sources. 

Figure [7] shows the stellar collision rate as a function of 
K-band luminosity for all GCs studied (crosses) and those 
containing an LMXB (diamonds). This figure demonstrates 
that there is a clear relationship between the luminosity of a 
GC and its stellar collision rate. In order to explore the rela- 
tive effects of these parameters on LMXBs, we need to con- 
sider this relationship. We assume a power law relationship 
between the mass of a cluster and its stellar collision rate 
and a K-band mass (Af) to light ratio of 1, for all clusters. 
From an unweighted fit to all clusters, in log space (shown 
in figure [7| , we find that F oc Ml^f^ . We note that this rela- 
tionship is consistent with that found for the Milky Way's 
GCs and with the t heoretical approximation that F oc M/of 
l|Davies et al.ll2004l ). 

It can be seen from figure [7] that the LMXB hosting 



clusters have higher than average collision rates for their 
mass. We investigate whether this is a statistically signif- 
icant effect by first detrending the data using the derived 
relationship between F and mass. We then run a K-S test 
between all clusters and the LMXB hosting clusters and find 
a probability of lxlO~* that they are drawn from the same 
distribution. It should be noted that there is some uncer- 
tainty in the actual relationship between F and mass due 
to the scatter in figure [T] To ensure that our results are ro- 
bust to errors in this relationship, we rerun the tests assum- 
ing F oc M/„f •^■'^^ This results in probabilities of 2x10"*^ 
and 1.8x10"'' that these clusters are drawn from the same 
distributions. This demonstrates that, even for the highest 
reasonable relationship between the mass and collision rate 
of a cluster, the LMXBs are found to favour those clus- 
ters with higher than average stellar collision rates for their 
mass. This result implies that the stellar collision rate is the 
primary parameter related to the presence of an LMXB. 

Given that LMXBs are also found to favour metal rich 
clusters, it is interesting to consider whether cluster metal- 
licity has a significant effect on the relationships we infer 
from figure [T] In figure [S] we show the residuals from the 
derived F-magnitude relationship as a function of metallic- 
ity. As discussed above, the LMXB hosting clusters can be 
seen to have higher than average collision rates for their lu- 
minousity. It can be seen that metallicity effects are unable 
to explain this offset. This is likely due to the fact that the 
individual effects of both collision rate and luminousity are 
significantly stronger than the observed metallicity effect. 

If these LMXBs are formed through dynamical inter- 
actions, then the presence of an LMXB should be directly 
proportional to the stellar collision rate. In order to investi- 
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Figure 9. The cumulative fractional mass (top) and cumulative 
fractional collision rate (bottom) of all GCs in our sample. The 
top panels show all GCs (small crosses) and the bottom panels 
show only the GCs known to host LMXBs (large crosses). If the 
formation of LMXBs is linearly proportional to either stellar col- 
lision rate or stellar mass, then the LMXB hosting clusters should 
be evenly distributed along this plot. 



gate whether the M31 clu ster system is co n sisten t with this, 
we follow the method of IVerbunt fc HutI l| 19871 ) . First, we 
find the fractional stellar collision rate of every cluster by 
dividing its stellar collision rate by the total collision rate of 
all of the clusters considered. We then sort the clusters by 
this fractional collision rate and find the cumulative value 
for each cluster, such that the cluster values run from to 1. 
The result of this is that the number of collisions occurring 
in the GC system should now be evenly distributed between 
and 1 (i.e. we expect 10% of the total collisions to occur 
in the clusters with values in the range 0-0.1). In this way, if 
the formation of LMXBs is linearly proportional to the stel- 
lar collision rate, we expect that their host clusters should 
be evenly spaced in this plot. Figure [9] shows this plot for 
both the stellar collision rates and masses of these clusters. 
It can be seen from this figure that the LMXB hosting clus- 
ters are more evenly spread than the total cluster population 
in both mass and density. This figure also demonstrates that 
the LMXB hosting clusters are more evenly distributed in 
stellar collision rate than in mass. 

Figure |9] suggests that there may be a more LMXBs 
in low collision rate clusters than would be expected based 
solely on dynamical interactions. A similar overabundance 
can be seen in the Milky Way's low c ollision rate clusters (see 
e.g. figure 1 of lVerbunt fc Hutlll987l ). This may point to ad- 
ditional parameters influencing the formation or evolution 
of LMXBs in these clusters. However, running a K-S test 



between these data and a linear relationship, suggests that 
this bunching is not very significant (with a null hypothe- 
sis probability of 12%) . We also perform a Wilcoxen-Mann- 
Whitney test between these data and an evenly distributed 
dataset, finding a probability of 15% that the samples are 
drawn from the same distribution. It should also be noted 
that, a linear stellar collision rate may predict more than one 
LMXB in the highest collision rate clusters. Such an effect 
may result in a non-linear distribution towards the right of 
figure [9] We therefore believe that these data are consistent 
with the formation of LMXBs being linearly proportional to 
the stellar collision rate. 



5 CONCLUSIONS 

We associate LMXBs with 41 of M31's confirmed old clus- 
ters using the 2XMMi catalogue. In addition to these clus- 
ters, we identify four other clusters in the literature which 
have previously been proposed to host LMXBs. Three of the 
clusters we identify are newly identified and for two other 
clusters, which were previously identified only in ROSAT 
observations, we confirm their association with the proposed 
clusters. By using updated optical catalogues of M31's clus- 
ters, we show that three of the previously proposed LMXB 
hosting clusters are now known to be background galaxies. 

LMXBs are identified in ~ 11% of the clusters surveyed. 
It is likely that the true fraction of LMXB hosting clusters 
is lower than this because of incompleteness in the current 
M31 GC catalogues. We confirm the previously identified 
result that M31's GCs contain more very bright LMXBs 
than the Milky Way's GCs. This result is likely due to the 
small number of GC LMXBs in the Milky Way, rather than 
a difference in the LMXB population. 

By considering the properties of GCs which host 
LMXBs, the previously proposed relationship between the 
metallicity of M31's clusters and the presence of an LMXB is 
identified. This relationship is weaker than, but consistent 
with, that found in early type galaxies. Our data suggest 
some evidence for the proposed relationship between metal- 
licity and the hardness ratio of the observed X-ray emission, 
but this is relatively weak compared with the previously 
proposed trend. We show highly significant relationships be- 
tween the presence of an LMXB and both the stellar colli- 
sion rate and mass of its host GC. The stellar collision rate 
is found to be the best discriminator in selecting LMXB 
hosting GCs. We suggest that the weaker relationship be- 
tween mass and LMXB presence may be primarily due to 
the relationship between mass and stellar collision rate. Our 
results demonstrate that the stellar collision rate is likely 
to be a fundamental parameter related to the formation of 
LMXBs. This result is in agreement with previous studies 
of GCs in the Milky Way, M31 and Gen A. The Unear rela- 
tionship found between the presence of an LMXB and the 
stellar collision rate is in good agreement with the systems 
being formed by dynamical interactions. This also suggests 
that the current dynamical properties of the GCs are related 
to their current LMXB populations. 



14 M. Peacock et al. 



ACKNOWLEDGEMENTS 

We would like to thank Pepi Fabbiano, Sean Farrell, Marat 
Gilfanov, Christian Knigge, Natalie Webb and Zhongli 
Zhang for helpful discussions. 



REFERENCES 

Barmby P., Huchra J. P., 2001, AJ, 122, 2458 

Barmby P., Huchra J. P., Brodic J. P., Forbes D. A., 
Schroder L. L., GriUmair C J., 2000, AJ, 119, 727 

Battistini P., Bonoli P., Braccesi A., Federici L., Fusi Pecci 
F., Marano B., Borngen F., 1987, A&AS, 67, 447 

Battistini P. L., Bonoli F., Casavecchia M., Ciotti L., Fed- 
erici L., Pusi-Pecci F., 1993, AfeA, 272, 77 

Bellazzini M., Pasquali A., Federici L., Ferraro F. R., Pecci 
F. P., 1995, ApJ, 439, 687 

Bildston L., Dcloyc C J., 2004, ApJ, 607, L119 

Caldwell N., Harding P., Morrison H., Rose J. A., Schiavon 
R., Kriessler J., 2009, AJ, 137, 94 

Clark G. W., 1975, ApJ, 199, L143 

Davics M. B., Piotto C, dc Angch F., 2004, MNRAS, 349, 
129 

Di Stefano R., Kong A. K. H., Garcia M. R., Barmby P., 
Greiner J., Murray S. S., Primini F. A., 2002, ApJ, 570, 

618 

Fabian A. C, Pringle J. E., Rees M. J., 1975, MNRAS, 
172, 15P 

Fan Z., Ma J., de Grijs R., Zhou X., 2008, MNRAS, 385, 
1973 

Fan Z., Ma J., Zhou X., Chen J., Jiang Z., Wu Z., 2005, 
PASP, 117, 1236 

Gallcti S., Federici L., Bellazzini M., Fusi Pecci P., Macrina 
S., 2004, A&A, 416, 917 

Heinke C. O., Budac S. A., 2009, The Astronomer's Tele- 
gram, 2139, 1 

Hills J. G., Day C. A., 1976, ApL, 17, 87 

Hobbs G., Lorimer D. R., Lyne A. G., Kramer M., 2005, 
MNRAS, 360, 974 

Huchra J. P., Brodie J. P., Kent S. M., 1991, ApJ, 370, 495 

Hut P., Verbunt F., 1983, Nature, 301, 587 

Irwin J. A., Bregman J. N., 1999, ApJ, 510, L21 

Ivanova N., 2006, ApJ, 636, 979 

Ivanova N., Heinke C. O., Rasio F. A., Belczynski K., 

Fregeau J. M., 2008, MNRAS, 386, 553 
Jordan A., et al., 2004, ApJ, 613, 279 
Jordan A., et al., 2007, ApJ, 671, L117 
Kaaret P., 2002, ApJ, 578, 114 
Katz J. I., 1975, Nature, 253, 698 

Kim E., Kim D., Fabbiano G, Lcc M. G, Park H. S., 

Geisler D., Dirsch B., 2006, ApJ, 647, 276 
Kim S. C, Lee M. G., Geisler D., Sarajedini A., Park H. S., 

Hwang H. S., Harris W. E., Seguel J. C, von Hippel T., 

2007, AJ, 134, 706 
King A. R., Kolb U., Burdcri L., 1996, ApJ, 464, L127+ 
Kong A. K. H., Garcia M. R., Primini F. A., Murray S. S., 

Di Stefano R., McClintock J. E., 2002, ApJ, 577, 738 
Kundu A., Maccarone T. J., Zepf S. E., 2002, ApJ, 574, L5 
Kundu A., Maccarone T. J., Zepf S. E., 2007, ApJ, 662, 

525 

Kundu A., Maccarone T. J., Zepf S. E., Puzia T. H., 2003, 
ApJ, 589, L81 



Liu Q. Z., van Paradijs J., van den Houvol E. P. J., 2001, 

A&A, 368, 1021 
Maccarone T. J., Kundu A., Zepf S. E., 2003, ApJ, 586, 

814 

Maccarone T. J., Kundu A., Zepf S. E., 2004, ApJ, 606, 
430 

Magnier E. A., 1993, PhD thesis, A A (Massachusetts 
Inst, of Tech.) 

McConnachie A. W., Irwin M. J., Ferguson A. M. N., Ibata 
R. A., Lewis G. P., Tanvir N., 2005, MNRAS, 356, 979 

Naylor T., Charles P. A., Drew J. E., Hassall B. J. M., 
1988, MNRAS, 233, 285 

Peacock M. B., Maccarone T. J., Knigge C, Kundu A., 
Waters C. Z., Zepf S. E., Zurck D. R., 2010, MNRAS, 
402, 803 

Peacock M. B., Maccarone T. J., Waters C. Z., Kundu A., 
Zepf S. E., Knigge C, Zurek D. R., 2009, MNRAS, 392, 
L55 

Perrett K. M., Bridges T. J., Hanes D. A., Irwin M. J., 
Brodie J. P., Carter D., Huchra J. P., Watson F. G, 2002, 
AJ, 123, 2490 

Pfahl E., Rappaport S., Podsiadlowski P., 2002, ApJ, 573, 

283 

Pooley D., Lewin W. H. G., Anderson S. P., Baumgardt 
H., Filippenko A. V., Gaensler B. M., Homer L., Hut P., 
Kaspi V. M., Makino J., Margon B., McMillan S., Porte- 
gies Zwart S., van der Klis M., Verbunt F., 2003, ApJ, 
591, L131 

Primini F. A., Forman W., Jones C, 1993, ApJ, 410, 615 
Sarazin C. L., Kundu A., Irwin J. A., Sivakoff G. R., Blan- 
ton E. L., Randall S. W., 2003, ApJ, 595, 743 
Shirey R., et al., 2001, A&A, 365, L195 
Smits M., Maccarone T. J., Kundu A., Zepf S. E., 2006, 

A&A, 458, 477 
Supper R., et al., 1997, A&A, 317, 328 
Supper R., et al., 2001, A&A, 373, 63 
Trinchicri G, Fabbiano G, 1991, ApJ, 382, 82 
Trudolyubov S., Priedhorsky W., 2004, ApJ, 616, 821 
Verbunt P., Hut P., 1987, in D. J. Helfand & J.-H. Huang 
ed., The Origin and Evolution of Neutron Stars Vol. 125 
of lAU Symposium, The Globular Cluster Population of 
X-Ray Binaries, pp 187 — h 
Verbunt F., Lewin W. H. G, 2006, Globular cluster X-ray 

sources, pp 341-379 
Waters C. Z., 2007, PhD thesis, AA(Michigan State Uni- 
versity) 

Watson M. G, et al., 2009, A&A, 493, 339 

White N. E., Angelini L., 2001, ApJ, 561, LlOl 

Williams B. F., Garcia M. R., Kong A. K. H., Primini F. A., 

King A. R., Di Stefano R., Murray S. S., 2004, ApJ, 609, 

735 



